Abstract: Insect-based expression platforms such as the baculovirus expression vector system (BEVS) are widely used for the laboratory-and industrial-scale production of recombinant proteins. Thereby, major drawbacks to gain high-quality proteins are the lytic infection cycle and the shear sensitivity of infected insect cells due to turbulence and aeration. Smaller bubbles were formerly assumed to be more harmful than larger ones, but we found that cell damage is also dependent on the concentration of protective agents such as Pluronic ® . At the appropriate concentration, Pluronic forms a layer around air bubbles and hinders the attachment of cells, thus limiting the damage. In this context, we used microaeration to vary bubble sizes and confirmed that size is not the most important factor, but the total gas surface area in the reactor is. If the surface area exceeds a certain threshold, the concentration of Pluronic is no longer sufficient for cell protection. To investigate the significance of shear forces, a second study was carried out in which infected insect cells were cultivated in a hollow fiber module to protect them from shear forces. Both model studies revealed important aspects of the design and scale-up of BEVS processes for the production of recombinant proteins.
Introduction
The establishment of the first stable insect cell line in the 1960s led to the development of more than 500 different cell lines that are still used today [1, 2] . More than 300 of these cell lines are derived from lepidopteran species [3] . The use of insect cells as an expression system for recombinant proteins began with the production of human interferon β using insect cells infected with a recombinant baculovirus expression vector [4] . Today, the most popular insect cell lines for protein expression are derived from Spodoptera frugiperda (Sf9 and Sf21), Trichoplusia ni (High Five™) and Drosophila melanogaster (S2). Recombinant protein production in S2 cells is achieved by stable transformation [5] [6] [7] . The other cell lines are used to host the baculovirus expression vector system (BEVS), which remains the gold standard in insect-based expression systems for recombinant proteins [8, 9] . However, the BEVS is used not only for the production of recombinant proteins but also as a gene shuttle for stem cells [10] and for vaccine manufacturing [9] .
The production of recombinant proteins using the BEVS involves a multistage process in which cell growth is followed by virus infection. The early infection phase involves virus replication and secretion, whereas the recombinant protein is typically expressed under the control of a promoter that becomes active later in the infection cycle. Depending on the genetic construct, the recombinant protein can accumulate in the cell or can be secreted into the medium. During the infection, the virus takes complete control of the host cell, increasing its catabolic metabolism and thus causing higher oxygen consumption [11, 12] . The infected cells are arrested in the G2/M phase [13] and cytoskeleton is destabilized [14, 15] . The accumulation of virus protein causes the host cell to swell, increasing its diameter by 40%-50% and ultimately perforating the membrane to release virus particles and recombinant protein into the medium [16] .
The complex events described previously and the effect of the virus on cell metabolism poses some unusual demands in terms of cultivation conditions, particularly the higher oxygen demand and the lytic infection cycle. Compared with mammalian cell lines, such as Chinese hamster ovary (CHO) cells with an oxygen uptake rate (qO 2 ) of 6.9-9.7 × 10 −17 mol·cell −1 ·s −1 [17, 18] , hybridomas (4. ) [19, 20] , and NS0 cells (6. ) [22] [23] [24] . As well as addressing the higher oxygen demand, a BEVS process must also deal with the increased sensitivity of the cells to shear stress caused by the loss of repair mechanisms as the cells swell and burst. Gentle cultivation conditions are therefore required to avoid shear stress and maintain cell viability for as long as possible, thus increasing the yield of recombinant protein. Several reactor systems with low shear stress and high rates of oxygen and carbon dioxide transfer have been designed or adapted for the BEVS, including the rotating wall reactor [25] and the wave reactor [26] . However, most processes still use a stirred-tank reactor (STR) due to the simpler process control and scalability [27, 28] .
Stirring-related shear stress
The flow regime in a bioreactor originates from the three-dimensional overlay of eddies. The macroscopic eddies are formed directly by the stirrer. In a cascade-like manner, the macroscopic eddies collapse into smaller ones, thereby transferring and conserving the kinetic energy. As this process continues to the smallest stable eddies, the energy is dissipated into heat due to the viscosity of the fluid. The scale η of the eddies is dependent on the energy dissipation per mass (ε) and the viscosity (v) of the fluid [29, 30] :
Because the field of shear stress is equal to the gradient field of fluid velocity, particles or cells approximately the same size as the eddies experience the greatest shear stress [31] . Larger eddies result in the convective motion of particles in the turbulent field.
However, in stirred tank bioreactors, a steep gradient in turbulence and resulting shear stress can be expected. Instead of regarding the average energy input, it may be a better approach to use the maximum energy dissipation at the stirrer tip for estimating the relevant eddy size. Introducing the stirrer tip speed w, the diameter of the stirrer d st and a stirrer-specific dissipation coefficient C D , the maximum energy input ε max can be calculated as follows [32] :
Thus, the ratio c d η of the eddy scale η and the diameter of the suspended cell d c represents the probability for imposing stirrer-induced shear stress on the cell [33] .
Aeration-related shear stress
In terms of cellular shear stress, the energy dissipation caused by aeration is often more severe than that caused by stirring. Bubble generation at the sparger, followed by the bubbles rising through the medium and breaking at the surface, causes a first order kinetic of cell damage [34] :
Here, X represents the biomass concentration and k d the specific death rate. The deactivation of insect cells in a bubble column can be used to determine the mechanistic of k d :
Thus, the extent of cell death is proportional to the aeration rate Q and the specific volume in the wake of rising bubbles V K , and is inversely proportional to the diameter of the reactor d R , the height of fluid h L and the bubble diameter d B [35, 36] . In this context, bubble rupture is the event with the most effect on cell viability. Therefore, bubble diameter is the most important parameter because the acceleration of the fluid film during bubble rupture varies with the diameter. Small bubbles of, e.g. 1 mm diameter cause local peaks in fluid film velocity (6.4 m·s −1 ) whereas the peaks decline with larger bubbles, e.g. bubbles of 6 mm diameter cause peaks of 0.94 m·s −1 [37] .
Protective agents
To overcome the cell damage that occurs in aerated STRs, most cultivation media contain protective agents such as methylcellulose, poly(ethylene glycol), or Pluronic ® F68. The protective effect may be physical, physiological, or a combination of both [34] . The most commonly used agent is Pluronic, a block copolymer consisting of poly(oxyethylene) and poly(oxypropylene), typically at concentrations of 0.5-3 g·L −1
. The main protective mechanism of Pluronic is the inhibition of cell adhesion to air bubbles [38, 39] . Further effects include the stabilization of cells by reducing the fluidity of the plasma membrane, and the stabilization of the gas-liquid interface, which slows down bubble rupture and dampens the corresponding velocity gradients [34] .
Video microscopy has shown that cells cultivated without additives tend to attach to rising bubbles [40, 41] . The inclusion of 1 g·L −1 Pluronic prevents this and therefore limits the resulting damage [42] . The efficiency of protection strongly depends on the bubble size, the concentration of Pluronic, and the cell density [43] .
Consequences in practical applications
Although the cell damage caused by shear forces is well understood, it is not yet possible to design a scalable process that avoids shear forces completely while achieving other necessary cultivation parameters such as mixing time and aeration. Bioreactors are available with microspargers for oxygen-intensive processes such as the BEVS [44] . Especially for single-used solutions, microaeration is attractive, as the oxygenation can be operated in a pulsed manner [45, 46] .
The high surface-to-volume ratio of the microbubbles significantly increases oxygen transfer into the medium especially when using oxygen-enriched air. Continuous aeration may therefore be unnecessary and can be replaced with controlled pulses that reduce foam formation and shear stress from the microbubbles. Protective additives such as Pluronic can reduce the damaging effects of bubbles even further [47] .
Nevertheless, the interaction between cells and microbubbles in cultivation media remains incompletely understood. The behavior of microbubbles in a cell-free system under normal cultivation conditions has been investigated in a previous study, revealing that variations in bubble size are determined by coalescence in media containing Pluronic, such that the bubble size increases with the specific power input [48] . Here, we investigated the effects of energy input and simultaneous microsparging on the cultivation of insect cells infected with recombinant baculovirus. This effect was evaluated by comparing the results with a model cultivation of the same cells in a shaker flask applying low shear forces and hollow fiber module (HFM) to completely avoid shear stress.
Materials and methods

Insect cells and baculovirus
The model system for recombinant baculovirus expression used in this study was the S. frugiperda cell line Sf21 (Invitrogen, Germany) and a recombinant Autographa californica multiple nucleopolyhedrovirus (AcMNPV) carrying a green fluorescent protein (GFP) fusion gene. The virus concentration was measured as the 50% tissue culture infective dose (TCID 50 ) and presented in plaqueforming units (pfu) as previously described [49] . We maintained the virus in the concentration range 1-5 × 10 8 pfu. The preculture was kept in an exponential growth phase at 28 °C in a shaking flask under humidified atmosphere at 50 rpm. The cultivation in shaker flasks was kept in the same conditions. The cells were grown in serum-free medium (Excell 420, Sigma, USA or SF-900II, Thermo Fisher Scientific, USA) containing Pluronic. Both media achieved a constant growth rate of 0.8 ± 0.03 d −1 . The viable cell count was determined by trypan blue exclusion in triplicate.
Cultivation conditions for the evaluation of shear stress
Shear stress experiments were carried out in a 3-L glass bioreactor (Applikon, Netherlands) as single experiments. The baffled vessel (d = 130 mm, h V = 250 mm) was filled with 1615 mL of SF-900 II medium and equipped with a sintered microsparger with a 15-μm pore size (Applikon), located under the stirrer. This design accommodates various stirrer configurations, and we used a six-blade Rushton impeller with a diameter of 60 mm (Applikon) and a 3 × 45° (d = 74 mm) pitched blade impeller (Applikon) resulting in downward pumping. The experiments were conducted with a turbulent flow regime. The power numbers for the stirrers were Ne = 4 and Ne = 2.3, respectively. The different stirrers were used to keep the energy input constant while varying the bubble size. The size and behavior of the gas bubbles during cultivation were monitored with in situ particle vision and measurement technology (Mettler-Toledo, Switzerland) using the setup, measurement principles, and analytical method described elsewhere [48] . Instead of probe dummies as used previously, the reactor was equipped with and controlled by oxygen and pH sensors (Applisense, Netherlands). The vessel was inoculated with 1 × 10 6 cells·mL −1 from the exponential preculture. To study the infected cells, the recombinant virus was added with a multiplicity of infection (MOI) of 0.01. During cultivation, the aeration rate was maintained at a constant 0.01 vvm. The concentration of the GFP fusion protein was determined using a sandwich enzyme-linked immunosorbent assay. The protein in the culture supernatant was bound to GFP-Trap ® 96-well plates (Chromotek, Germany) and detected using the GFP-specific antibody 3E5 (Chromotek) and a horseradish peroxidase-conjugated AffniPure goat anti-rat detection antibody (Jackson ImmunoResearch, USA). The samples were measured in triplicate.
Immobilization of insect cells to protect them against shear stress
Sf21 cells were cultivated in a shear-protected environment using a 15-cm HFM with a total surface area of 3000 cm 2 (FiberCell ® Systems, USA) as single experiments. The HFM contained 4600 polysulfone fibers, each with a cutoff of 20 kDa (50%). The cells were retained in the 20-mL extra-capillary space (ECS). The HFM was continuously perfused through the capillaries in a medium loop, with an aerated and temperature-controlled (27 °C) peripheral STR (BioFlo 110, Eppendorf AG, Germany) as a medium reservoir (800 mL) equipped with pH and O 2 sensors. The cell concentration was assessed by measuring the oxygen consumption in the HFM using an optical sensor (Presens, Germany) upstream and downstream of the reactor. The calculations were based on a cell-specific oxygen consumption rate of 17.5 × 10 −17 mol·cell −1 ·s −1 [50] , and the residence time of the medium in the reactor was determined by the pump rate. The cell concentrations were calculated at stable plateaus in the oxygen consumption graph.
To prepare for cultivation, the HFM was rinsed with 2 mL ethanol, then 2 mL ultrapure water per square centimeter of membrane area, according to the manufacturer's specifications. The ECS was inoculated with 5 × 10 7 exponentially growing cells (corresponding to 2.5 × 10 5 cells·mL −1
) and the cells were distributed evenly in the module by flushing several times with two syringes adapted to the ECS ports. For protein expression, the preculture was mixed with the appropriate quantity of infected cells.
To ensure the spreading of the infection in the otherwise not actively mixed HFM, the ECS was flushed gently every day using two syringes. The infection was verified by measuring GFP expression by flow cytometry using a BD LSR I device (Becton Dickinson, Germany). The proportion of infected cells was determined in the same manner later in the process. The lactate concentration in the medium reservoir was measured in triplicate using K-LATE assay according to the manufacturer's instructions (Megazyme, Ireland).
Results and discussion
Exemplary standard process for using the BEVS
The simplest setup to apply BEVS at the laboratory scale is the cultivation of cells in shaker flasks. In this bubble-free cultivation system, the oxygen supply solely occurs by diffusion. A gentle shaking is provided, and the kinetics of cell growth and the respective lysis following the infection can be studied under low shear environment. An exemplary process in shaker flasks is displayed in Figure 1 . The uninfected culture proliferates exponentially for 3 days until the medium is spent and the cell concentration and the viability decline. Applying a MOI of 0.01, the cell growth is stopped due to the secondary infection 24 h postinfection. The viability starts to decrease after 3 days. A nearly synchronous infection of the cell culture (MOI 10) accelerates this process. Thus, within 4 days postinfection, the viability decreases to 40% [51] .
To gain a measure of the conditions in the shaker flask, the average energy input can be calculated empirically [52, 53] : 
Effect of microbubble size on the viability of infected insect cells
Several theories have been proposed to explain the mechanisms of cell damage caused by stirring and aeration, but it is difficult to isolate the specific effects of varying the energy input from these sources because changing the energy input of the stirrer usually affects the bubble size too. Using different stirrer configurations, we separated these effects and used the ratio of the scale of the resulting eddies to the cell size
to estimate the shear stress induced by the stirrer while varying the bubble size. Because insect cells are more prone to shear stress after virus infection, the BEVS provides a good model to study the effect of both parameters on cell viability. As stated previously, insect cells can swell by up to 50% during infection, increasing from a typical diameter of 15 μm to a maximum diameter of 23 μm [16] . Using a relatively low MOI (0.01), we can assure that a full infection is delayed for at least 24 h. This allows to study the effect of the imposed shear forces for the first 24 h on a population of only approximately 1% infected cells [51] . Every effect seen in this time span would also be harmful to an uninfected culture. As demonstrated in Figure 1 , a higher MOI (e.g. 10) causes almost total infection and therefore instantly affects the cells, the effect of the shear forces would be overlaid by the induced cell lyses.
In a first experiment (Figure 2 ), baculovirus-infected Sf21 cells were maintained under constant shear stress Under both conditions, the viable cell count decreased following virus infection as anticipated [24] . The decline was linear, with a viable cell count of >80% at the time of infection decreasing to <10% at ~200 h postinfection. Despite the assumption that smaller bubbles are more harmful [34] , the maximum cell density was 34% higher , the aeration rate was maintained at 0.01 vvm and the concentration of dissolved oxygen (dO 2 ) was maintained at 70%. The graphs show the cell concentration ■, viability •, and the concentration of the GFP fusion protein ▲ when aeration was performed with bubble sizes of d 32 = 199 μm. The corresponding symbols , , and refer to aeration with bubble sizes of d 32 = 208 μm. 100% higher yield of the GFP fusion protein, confirming that the smaller bubbles were less harmful.
One possible interpretation of this phenomenon concerns the oxygen transfer coefficient (k La ). Due to the different stirrer configurations, the k La values for the smaller and larger bubbles were 9.53 ± 0.23 h −1 and 14.76 ± 0.27 h −1 , respectively. Neither configuration therefore leads to oxygen transfer limitation. However, the ratio between k La and the transport coefficient in the liquid (k L ) can be used to calculate the specific area of the gas phase (a) [48] :
Here, a = 12.28 ± 0.38 m , the liquid layer around the bubbles declined from ~40 μm to 16-20 μm, causing more cells to adhere to the bubbles and thus increasing the damage [43] . We found that increasing the bubble diameter led to an increase in the specific gas phase area, so more Pluronic was needed to stabilize the protective layer. Because the damage was more severe when cells were exposed to larger bubbles, the unbound or free concentration of the additive in the SF-900 II medium in the bulk of the fluid can be reduced. Below a certain layer thickness, more infected Sf21 cells are prone to adhere to the bubbles. This effect is a function of the total specific area of the gas phase and thus independent of the bubble diameter.
Varying the turbulence induced by stirring affects the viability of infected insect cells
Next, the effect of different stirring speeds was investigated to gain more insight into the mechanisms of cell damage in a turbulent microsparged system. Accordingly, the energy input was varied in addition to the bubble size ( Figure 3 ). We observed slightly higher cell density the milder cultivation conditions. For a better overview, the data and parameters for both STR cultivations are listed in Table 1 . The conditions of the previously introduced cultivation systems (STR and shaker flasks) cannot be directly compared. However, in the shaker flask, no direct aeration was applied and the introduced average shear forces (0.0139 W·kg −1 ) were significantly lower compared with the STR (0.076 and 0.24 W·kg −1 ). Thus, regarding the trend in cell concentration and viability, some conclusions can be drawn. In the shaker flask, there is no significant deviation in cell growth for the first 24 h when a MOI of 0.01 is applied (Figure 1) . Cultivating the cells under the selected STR conditions, initial growth can only be observed when using the six-blade Rushton impeller for the experiments at both selected energy inputs. Also, independently of the setup, there is no apparent subsequent stagnation phase but the cell viability decreases constantly over the process time. These observations conclude that the conditions using the 3 × 45° pitched blade impeller, generating a higher specific area of gas phase, are more harmful to the cells and affects uninfected cells as well as infected cells.
BVES in shear-free environment
Although it is possible to distinguish the damage caused by aeration and stirring in the STR, it is not possible to evaluate the behavior of cells in an environment without shear stress using this type of bioreactor. We therefore cultivated uninfected and infected insect cell populations in a constantly perfused HFM. The viable cell concentration was calculated based on the oxygen consumption. During the first 8 days of cultivating the uninfected cells, a distinct growth-associated increase in oxygen demand was observed and approached with increasing the pump rate (Figure 4 ). There were some discontinuities, caused either by increasing the pump rate supplying more oxygen to the cells, or by the interruption of perfusion when samples were taken. In this context, the initial pump rate of 30 mL·min −1 was increased to 50 and finally 90 mL·min −1 after 3 and 7 days of cultivation. Even at the highest pump rate, the oxygen consumption remained at a plateau at about 17% before decreasing to a level at approximately 13%. Within the first 8 days, the inoculum of 5 × 10 7 cells had expanded to a maximum total cell count of 2. ) [54] [55] [56] . For the evaluation of infected cells, the same setup was used with the supplementation of 1% infected cells in the initial inoculum ( Figure 5 ). The graph of the oxygen consumption showed similar discontinuities than before. Here, the initial pump rate of 30 mL·min −1 was increased to 50, 60, and finally 90 mL·min −1 after 2, 5, and 13 days, respectively. Comparing the trend with the uninfected Information on the used impeller, rpm, the resulting average energy input, ratio of eddy size and cell diameter, bubble size, total bubble to surface volume, and determined yield of GFP. Although few comparative studies have been reported, the most straightforward explanation for the slower growth rate is the formation of nutrient and oxygen gradients along the length of the HFM. The cells are supplied with nutrients by diffusion, so local limitations in the nutrient and oxygen supply may influence the cell growth and the overall oxygen consumption [57] .
These assumed limitations would in turn have an effect on the metabolism of the insect cells. Thus, the cells are known to produce significant amounts of lactate when suffering oxygen limitation [12] . Here, lactate formation can be detected in both the uninfected and the infected HFM cultures (Figure 6 ). Thereby, the increase of the lactate concentration starts simultaneous with reaching the maximal cell density at the end of the exponential growth phase. Afterward, a nearly constant increase of the lactate concentration to approximately 12 mM and 10 mM was detected in the uninfected and infected culture, respectively. The observed behavior suggests that the oxygen transfer is the limiting factor concerning the maximal cell density. However, this fact does not explain the significantly decreased growth rate in the HFM compared with other systems. The reduced cell growth may be explained by the cell density effect.
According to this phenomenon, the metabolism of the insect cells is downregulated, when the cells are kept at high density [12, 58] .
During cultivation, the spreading of the infection within the cell population was monitored ( Figure 7 ) using flow cytometry. Compared with the autofluorescence of the uninfected negative control, the ratio of infected cells increased from initially 1% to more than 70% on day 14 postinfection.
Thus, instead of the propagated lytic cycle of the baculovirus, which usually lasts until 72 h postinfection [27, 59, 60] , longer cultivation periods are possible if shear stress is avoided. 
Conclusion
Aeration with smaller (<2 mm) gas bubbles was proposed to generate high shear stress and cause extensive cell damage, especially during surface burst. The generated data show that Pluronic can dampen these effects, but that the protective effect is directly linked to the concentration of free Pluronic in the medium. By varying the stirrer type and thus the bubble size and energy input, we showed that increasing the overall surface area of the gas bubbles may exhaust the Pluronic, thus shrinking the protective layer around the bubbles and increasing the harmful effect of shear forces. Particularly regarding the cell viability in comparison to systems without direct aeration that reflects this effect. However, before giving practical instructions to optimize the conditions concerning the interdependency between shear stress and Pluronic concentration, more data should be gathered to gain a deeper understanding on the observed effect.
We also compared the STR environment to a HFM to avoid shear stress, and found that the BEVS process could be prolonged due to the physical protection of the cells. These results suggest that the lytic cycle in the BEVS reflects the effect of multiple and interconnected factors.
The scalability and productivity of BEVS processes therefore depends on several factors including the lytic cycle, which involves the release of proteases, the higher nutrient and oxygen demand of the infected insect cells, and the shear sensitivity of those cells. These factors are interlinked with key process parameters such as the MOI, time of infection, and time of harvest, which should be optimized on a product-specific basis [58] . For industrialscale production, it may be better to focus on process stability, which ensures high product quality and homogeneity, even if this means accepting some drawbacks. We used an HFM to demonstrate the shear sensitivity of infected insect cells, but process control and monitoring is rather limited in this type of reactor. Therefore, cell lysis and the resulting release of proteases cannot be predicted, and the product quality may be more heterogeneous due to gradients along the length of the membrane fibers. Wave bioreactors are characterized by low shear stress but the size limitations make them unsuitable for industrialscale processes [27] . STRs cause more shear stress but our results suggest that the damage can be limited by a careful choice of aeration strategy and the inclusion of cell-protecting agents such as Pluronic. Therefore, STRs remain the most suitable bioreactor type for the scale-up of BEVS processes for the production of high-quality recombinant proteins. 
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